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ABSTRACT: Small-angle neutron scattering has been used to study the conformation
and structure of highly interacting macromolecules in complex fluids. The evolution of
the structure has been investigated from the conformation of a single molecule through
an association process to the formation of physical networks. Two highly interacting
polymers, an ionic polymer (consisting of a perfluorinated backbone and an ionizable
hydrophilic side chain dissolved in water/alcohol mixtures) and rodlike, highly conju-
gated phenylene ethylene molecules (dissolved in toluene), have been studied. Highly
interacting polymers often form relatively long lasting physical networks with increas-
ing polymer concentration. The driving force, however, is system-specific, and so are the
micellar systems and physical networks formed. Although the two families of polymers
under consideration are entirely different chemically, their strong interaction, either
ionic or through �–� coupling, results in similarities in the complex fluids formed when
they are dissolved in solutions. These include elongated configurations in dilute solu-
tions, association into micelles, and eventually coalescence into physical networks. The
ionic polymers form durable stable networks, whereas the rodlike polymers form a
fragile, gel-like phase. © 2004 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 42:
3165–3178, 2004
Keywords: micelles; physical networks; perfluorosulfonimide ionomers; polymer
electrolytes; small-angle neutron scattering; gels; colloids

INTRODUCTION

This article reports the contributions of small-
angle neutron scattering (SANS) to the under-
standing of the molecular configuration and asso-
ciation modes of highly interacting polydispersed
polymers in solutions. A unique aspect of highly
interacting polymers is that these macromole-

cules associate into distinct structures and ex-
hibit well-defined electronic or ionic transport
characteristics despite the diversity in their
chemical structure. The variability in the chemi-
cal structure includes polydispersity and a non-
even distribution of highly interacting groups
along the backbones of the polymers. Under-
standing their structure and dynamics becomes
an important challenge for the discernment of the
basic physics that govern highly interacting poly-
mers and as a result leads to new applications.
This study focuses on two groups of highly poly-
dispersed macromolecules, including ionic and
highly conjugated polymers.

Ionic polymers, often called ionomers or ion-
containing polymers, consist of hydrophobic, hy-
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drophilic, and ionic groups. Their technological
uses include many electrochemical applications,
such as batteries and fuel cells. They are also
used as proton-exchange membranes for separa-
tion as well as drug-delivery systems.1–5 The sec-
ond class of highly interacting polymers ad-
dressed in this work includes conducting and
semiconducting polymers. These consist of either
conjugate backbones or chemical groups that can
facilitate charge transfer. Many of their future
applications will involve the miniaturization of
electronic and electrooptic devices.6–10

Highly interacting polydispersed polymers are
of particular interest because different energy
scales simultaneously control the conformation
and association of the macromolecules. Van der
Waals interactions, affecting short-range, ang-
strom-to-nanometer length scales, coexist with
stronger forces, such as ionic or aromatic cou-
plings, that affect up to 100-nm periodicities in
the same complex fluid.

Studying the structures of these complex fluids
requires probing dimensions from several ang-
stroms to the nanometer length scale, at which
individual polymer molecules can be detected, to
the 100-nm range, at which the aggregates and
correlations within networks can be observed.
The technique must also be sensitive to small
changes in amorphous media. With the natural
difference in the scattering length densities of
hydrogen and deuterium and in the scattering
length densities of hydrogen and fluorine, SANS
has been at the core of the investigation of struc-
ture and association in polymeric systems.8–12

These studies span a wide range of phenomena.
Recent studies include polymers in supercritical
fluids,13 complex fluids such as starlike dendrim-
ers in solution, microemulsions, micelles, diblock
copolymers,14–17 ionic polymers,18–21 blends,22–24

and the association of macromolecules in biologi-
cal systems.25 The association of monodispersed,
nonionic, flexible diblock and triblock copolymers
as well as ionic polymers with well-defined molec-
ular weight distributions and ionic strengths has
been the subject of many studies.18–29

The driving force for the association of the poly-
mers is rather universal. Entropy favors mixing
while reducing the interactions between incom-
patible components (or increasing the interac-
tions between compatible ones), and this results
in segregation into a variety of structures, from
highly organized phases to physical networks to
random clusters.1–2,29 The forces and the associ-
ation phenomena are universal, but the nature of
the structures formed is system-specific.

Obtaining a basic understanding of the confor-
mation and association of polydispersed, highly
interacting polymers on the level that exists for
small surfactant molecules and diblock copoly-
mers will allow the development of theoretical
insights into these important complex fluids.

In this study, perfluorosulfonimide and dialkyl
poly(p-phenylene ethynylene) (PPE) rigid and ar-
omatic macromolecules in solutions have been ex-
amined over a wide concentration range with
SANS. These polymers have been chosen because
of our ability to modify their chemical structure in
a controlled way;30–32 this allows a correlation
between the molecular architecture and the struc-
ture of the complex fluid. Although the chemical
structure can be modified, the systems remain
polydisperse with a high degree of variability in
both the molecular weights and equivalent
weights (EWs).

The basic concepts of SANS relevant to the
current study are briefly reviewed and are fol-
lowed by the experimental details. The results for
the two different systems are given and are fol-
lowed by a summary of our findings.

SCATTERING OF POLYMERS IN
SOLUTIONS

In amorphous media, the interference of the inci-
dent wave with the heterogeneities in the mate-
rial provides structural information. These heter-
ogeneities may be several to hundreds of radia-
tion wavelengths long.29 In amorphous polymers
and polymer solutions, structural information
such as the concentration fluctuation, shape and
size, number of objects, and long-range correla-
tions is expressed in the scattering patterns at
small angles. The scattering of polymers shows
different dimensions, depending on the q range of
the measurement and its relation to the dimen-
sion of the polymer. q is the momentum transfer,
which is defined as q � 4�/� sin(�/2) (� is the
scattering angle with respect to the incident beam
path).29,33–34 Figure 1 presents a schematic rep-
resentation of different length scales in a solvated
polymer as a function of the relation between q,
the persistence length (lp), and the radius of gy-
ration (Rg) of the polymer. The exact dimensions
depend on the molecular weight of the polymer
and its interactions with the environment. If the
polymers are fully solvated, at small q [Fig. 1(I)],
at which qRg approaches 0, each polymer mole-
cule forms a random coil that is viewed as a center
of mass. With increasing q [Fig. 1(II)], at which
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q�1 is greater than Rg, the entire dimension of the
coil is depicted, and Rg is measured. In this do-
main, the size of the coil is well described by a
Guinier approximation.25–26 Further increasing q
to lp � q�1 � Rg results in an insight into the
segmental distribution within the coil [Fig.
1(III)]. Finally, for q�1 � lp, the chain appears
completely rigid [Fig. 1(IV)]. Tuning the q range
of the measurement allows us to focus on different
length scales.

The relation between the smallest rigid seg-
ment of the polymer and its total dimension de-
termines many of the properties of polymers, and
as such, numerous studies have been focused on
the determination of lp of the polymer. The poly-
mers addressed in this work exhibit large lp’s
because of the presence of ionic groups and highly
conjugated backbones. For nonionic polymers, lp
is a direct function of the inherent rigidity of the
monomer. In ionic systems, in addition to the
effects of the chemistry of the backbone, the
charge often dominates the conformation of a sin-
gle molecule in any environment in which the ions
can dissociate.35 Unscreened electrostatic inter-
actions due to the ionization along the backbone
of the polymer will tend to increase the local ri-
gidity and the global size of the polyion. With a
mean-field approach for polyelectrolytes, the total
lp is divided into an intrinsic component (l0) and
an electrostatic component (lel). The last depends

on electrostatic screening in different environ-
ments, including the ionic strength due to coun-
terions and the external salt concentration. When
lel is less than l0, the Odijk–Skolnick–Fixman
model, which correlates a structural charge pa-
rameter (�), the Bjerrum length (lB), and the De-
bye Hückel screening parameter (k), such that lel
is equal to �2/4k2lB and lB is equal to e2/�0KBT
(where e is the electron charge, �0 is the electrical
permittivity of the solvent, T is the temperature,
and KB is Boltzmann’s constant), has been used to
extract lp of polyelectrolytes.35

In general, the scattering intensity as a func-
tion of q is given by25–27,29,33–35

I�q� � AI0NV2��bv�
2P�q�S�q� � Binc

where I0 is the intensity of the incident beam and
A is a constant that encapsulates instrumental
factors. N is the number concentration of scatter-
ing objects, V is the volume of one scattering
particle, (�bv)2 is the scattering contrast term,
and P(q) is the form factor. It describes the scat-
tering interference of a single particle. S(q) is the
structure factor, describing the interference be-
tween scattering from different objects, and Binc
is the incoherent scattering. This study focuses on
dilute solutions in which the scattering profile is
dominated by P(q). The form factors relevant to
this study and the corresponding approximations
are presented in the analysis of each of the sys-
tems. For a polymer with well-defined molecular
weights and EWs (a measure of the size of the
mass of the polymer between two consecutive
ionic groups along an ionic polymer backbone),
P(q) can be obtained analytically for all of the
aforementioned ranges. When the polymers are
highly polydispersed or the location of the ionic
groups along the polymer diverges from a random
distribution, scaling arguments become essential
for analyzing the results.

Experimental

Scattering

SANS experiments were performed on the NG3
30M SANS instrument at the Center for Neutron
Research at the National Institute of Standards
and Technology and on SAD (small angle diffrac-
tometer) at the Intense Pulse Neutron Source of
Argonne National Laboratory.

NG3 30M SANS. Three sample-to-detector dis-
tances of 2, 5, and 13.10 m were chosen with a

Figure 1. Schematic representation of the part of the
polymer viewed at different length scales with respect
to lp and Rg.

SINGLE MOLECULE TO PHYSICAL NETWORKS 3167



neutron wavelength of � � 6 Å and a ��/� value of
approximately 10%; this resulted in a q range of
0.004 Å�1 � q � 0.4 Å�1. The measurements were
carried out at 20 � 0.5 °C.

SAD. SAD is a time-of-flight small-angle diffrac-
tometer with a sample-to-area-detector distance
of 1.504 m. The pulse consists of neutrons with a
wavelength span of 0.9–14 Å, encapsulating a q
range of 0.005–0.35 Å�1. The acquired scattering
intensity was converted into an absolute intensity
scale by normalization to the flux of the direct
beam.

Protonated and deuterated solvents were used,
depending on the polymer. For perfluorinated ma-
terials, the large contrast in the coherent scatter-
ing length (b) between protons (b � �0.3741
� 10�12 cm) and fluorine (b � 	0.565 � 10�12 cm)
permitted the use of protonated solvents. For
protonated polymers, deuterium-labeled (b
� 	0.6671 � 10�12 cm) solvents were used.

The samples were encapsulated in 1-cm-diam-
eter cells, consisting of quartz windows separated
by 2-mm spacers. The temperature was controlled
with a water bath (�0.5 °C). One-dimensional
scattering patterns, normalized to the scattering
of a standard and to the scattering from the sol-
vents, from which the solvent signal, measured at
each individual temperature, was subtracted,
were obtained via radial averaging over the de-
tector area.

Data Fitting. For each of the systems, numer-
ous plausible models were fit to the experimen-
tal data. For PPE, for which no prior knowledge
was available, the models were chosen in accor-
dance with supporting atomic force microscopy
data of trapped molecules from the complex
fluid at different concentrations and with calo-
rimetric data, which assisted in the estimation
of the number of �–� bonds in the system. For
the ionic polymers, a vast amount of knowledge
exists and has been applied. For this study, an
acceptable fit is defined as matching the exper-
imental data with a divergence of less than 1%.
Therefore, all fits presented are within this er-
ror range. All original data sets are presented
with error bars. When plotting variation plots
(e.g., Guinier and Kratley plots), we chose to
omit some of the error bars to demonstrate the
quality of the fitting.

Polymers

Perfluorosulfonimide ionomer in its acidic form,
with a weight-average molecular weight of ap-

proximately 1 � 106 g mol�1, a weight-average
molecular weight/number-average molecular
weight (Mw/Mn) ratio of approximately 6, and an
EW of 1200, was synthesized via emulsion poly-
merization. The EW is a measure of the ionic
density along the chain and is expressed as the
weight of the repeat unit between two adjacent
ionic groups. EW was determined by the titration
of the ionomer with NaOH. The average number
of repeating units between ionic group n was cal-
culated to be approximately 5.5. The distribution
of the ionic groups along the backbone was as-
sumed to be random, but some blocks may exist.
Solutions were made through the dissolution of
the polymer at 250 °C under pressure; colorless,
homogeneous, and transparent solutions were
formed.36,37

Dinonyl PPE molecules with a polymerization
number of 82 and an Mw/Mn value of 2 were
dissolved in toluene-d8 (Cambridge Isotope Labo-
ratories). The polymerization number was deter-
mined by gel permeation chromatography with a
saturated analogue of the conjugated mole-
cule.31–32

ASSOCIATING IONIC POLYMERS

Introduction

The molecular conformation and the association
of the perfluorosulfonimide ionomer, the chemical
structure of which is shown in Figure 2, in water/
alcohol solutions have been studied as functions
of the concentration at different temperatures.
The solvent was chosen because of the relatively
high solubility of the ionomer in that mixture and
the technological need to understand the behavior
of these types of polymers in the presence of water
and alcohol.4

Several studies have followed the evolution of
the structure of ionic polymers as the melts of
different ionomers swell with polar solvents.38–42

These studies have shown that with increasing

Figure 2. Chemical structures of perfluorinated iono-
mers (PFSI). X can be any counterion. In this study, X
is a proton.

3168 PERAHIA, JIAO, AND TRAIPHOL



solvent content, ionic domains grow into bicon-
tinuous channels. A further increase in the sol-
vent content results in dissociation into large do-
mains and eventually micelles. The driving force
for the different structures, minimizing the inter-
action between noncompatible parts, is well es-
tablished. There are, however, several open ques-
tions that are at the core of understanding the
structure and dynamics of these complex poly-
mers. These include the structure of highly rigid
ionic polymers, the dissociation of the network
into well-defined micelles, and the coalescence of
the micelles into well-defined networks, despite
the large variability in the chemical structure and
the association process of single molecules into
relatively monodispersed micelles.

The conformation of perfluorinated ionomers in
water or alcohol is a result of three factors: the
interaction of the Teflon-like backbone, which
would collapse in a polar solvent; the solvation of
the side chains; and the stabilization of the ionic
groups, which tend to expand the molecule. The
configuration of an isolated macromolecule is ex-
pected to affect the association into micelles. The
overall size of the polymer, as represented by Rg,
allows us to estimate the overall configuration of
the polymer. A soluble polymer, with lp � Rg,
assumes characteristic dimensions reflecting its
polymerization number (N), its lp value, and its
interactions with the solvent. Rg of the polymer
scales as a power law with the polymerization
number: Rg 
 N	. For a good solvent, 	 is 3/5, and
the chain is expanded. For a poor solvent, 	 is 1/3,
and the chain collapses. In an ideal solution (�
solvent), 	 is 1/2, at which a Gaussian chain is
expected.28,29,34,43

Results and Discussion

SANS measurements were carried out on solu-
tions of the ionomer in 1:1 water/ethanol solu-
tions. Figure 3(a) presents the changes in the
neutron scattering intensity [I(q)] as a function of
q as the concentration of the polymer is varied
from 0.2 to 1.6 wt % at 25 °C. Increasing the
concentration above approximately 2 wt % results
in phase separation unless salt is added. With
increasing concentration, the signal-to-noise ratio
increases. The increase is accompanied by a clear
change in the dependence of the scattering inten-
sity as a function of q. We often refer to this
change as a change in the line shape.

In comparison with surfactant systems, at low
enough concentrations, below a critical micelle
concentration, the solution consists of isolated

molecules. The ionomer in this study is dissolved
in a polar solvent. Thus, it is expected to assume
a conformation that would minimize the interac-

Figure 3. (a) SANS patterns of different samples of
the ionomer in a 1:1 water/ethanol solvent at the indi-
cated concentrations (the symbols correspond to the
experimental data, and the solid lines correspond to the
fits to a cylindrical form factor) and (b) Guinier plots of
the data (the divergence of the fits is less than 0.5%).
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tion of the Teflon-like backbone with the solvent.
Plotting I(q) at an intermediate range (Fig. 4; 1/lp
� q � 1/Rg) as a function of q yields slopes of 0.9
and 0.8 for the two lower concentrations, 0.2 and
0.4 wt %. For polymer chains, I(q) is approxi-
mately equal to q�1/	, and this results in 	 values
of 1.1 and 1.3 for the corresponding slopes. Both
values are larger than 0.6, the value expected for
a flexible chain in good solvents.

These exponents indicate that the polymer
chains are extended beyond the dimensions ex-
pected for a random coil in a good solvent. This
has been observed in different polyelectrolytes, in
which the electrostatic interactions become sig-
nificant.35 As discussed previously, the scattering
pattern of a polymer chain depends on both the
dimensions of the polymer molecules and the
length scale measured. As long as the chain is
long enough and the q values are sufficiently low
(Rgq � 1), the scattering intensity can be de-
scribed by the Debye form factor. As we zoom into
smaller length scales, the chain structure is dom-
inated by lp, resembling rods rather than
coils.29,33,34 For wormlike chains, the crossover
region can be described by the Sharp–Bloomfield
function, which consists of weighted Debye and
rodlike components.34,44

The polydispersity of the ionomer prevents a
quantitative analysis of the rod–coil crossover.

Therefore, the data have been evaluated qualita-
tively instead of being directly fit to the Sharp–
Bloomfield function. A plot of q2 ln(q) versus qlp
(Kratky plot), is shown in Figure 5(a), which il-
lustrates the crossover from a random coil of the
chain to an extended thin rod. At low q values, the
scattering profile provides information on the
overall dimensions of the polymer. Beyond a cer-
tain q value, defined as the crossover, the scatter-
ing is dominated by lp. Figure 5(b) shows a Kratky
plot of the patterns obtained for the two low-
concentration solutions; the rodlike region can be
clearly observed, but the crossover region is not
apparent. This is consistent with a rigid chain:
over the measured q range, only lp of the extended

Figure 4. Scattering patterns (0.4 and 0.2 wt %) in an
intermediate q range plotted as a function of q, provid-
ing linear dependence with the indicated 	 indices (the
divergence in the fit is less than 0.5%).

Figure 5. (a) Theoretical Kratky plot showing the
random coils becoming rodlike beyond the crossover
(marked by a dashed line) at a short distance and (b)
Kratky plots of I(q)q2 versus q at two low concentra-
tions (0.4 and 0.2 wt %) indicating the rigid-rod struc-
tures of the isolated molecules.
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chain contributes to the scattering. The slopes in
Figure 4 are close to �1, which is characteristic of
the scattering of a rigid rod, indicating that the
isolated ionomer molecules behave like infinite
rods within the studied q range. This result is
rather surprising because the samples do not con-
tain any additional salt and are charge-balanced.
Moreover, the Teflon-like backbone is in a poor
solvent, and the density of the polar side chains
that solvate the molecule is relatively low. There-
fore, the chain is expected to assume a collapsed
configuration. This apparent stiffness of the iso-
lated chains is consistent with highly charged
polyelectrolytes with low EWs (dense ionic
groups). This, however, is not in agreement with
the EW and the ionic strength of the solution.
Therefore, we assume that the distribution of the
ionic groups along the backbone is not random
and that small ionic blocks are formed.

As for surfactant systems, one would expect
that with increasing concentration, isolated mol-
ecules would associate into micelles.38 A first in-
dication of the formation of micelles can be ob-
tained from the slope of the SANS profiles at an
intermediate q range, above 0.6 wt %. At high
concentrations (0.8 or 1.6 wt %) and low q values,
a power-law dependence of q�1 can be observed,
as shown by the tangential lines in Figure 3(a),
which are typical of elongated objects. At high q,
slopes of about �3, characteristic of the scattering
of a cross section of cylinders, are measured. The
profiles of these two concentrations have been
fitted to a form factor of a cylinder. This is con-
sistent with previous findings of cylindrical mi-
celles in Nafion solutions, a commercially avail-
able perfluorinated ionomer. These cylindrical
micelles in polar solvents consist of a Teflon-like
core and ionic/polar side chains at the periphery,
surrounded by solvent molecules. Although the
molecular weight of the polymer is rather high,
the pattern does not consist of an interaction peak
within the studied concentration range. The data
have thus been modeled with a form factor of
noninteracting cylindrical objects.

For noninteracting cylindrical objects, I(q)
can be described by I(q) � L(�/q)Ic(q). Ic(q) is
given by Ic(q) � (�
)2A �2�rdr�co(r)J0(qr),
where �
 is the scattering contrast, A is the
cross-section area, �co(r) is the correlation func-
tion of the cross-section geometry, J0 is the
zero-order Bessel function, and L is the length
of the cylinder. For the intermediate part of q,
the intensity of the cross section dominates the
scattering. Therefore, the intensity can be ex-
panded into a power series of Rc, the radius of

gyration of the cross section (Rc � R/�2) where
R is the radius of the cylinder, and I(q) can be
approximated by I(q) � (I0/q) exp(�q2Rc

2/2). Ac-
cordingly, for a cylindrical object, a Guinier plot
of ln[qI(q)] as a function of q2 results in a linear
relationship, as presented in Figure 3(b) for the
same data presented in Figure 3(a). The curves
of 1.6 and 0.8 wt % solutions form a straight line
in the intermediate q region. Both Guinier plots
and the fits to a cylindrical form factor yield
very good agreement with the experimental
data. These correspond to cylinders with an R
value of 27 � 3 Å and a length of 160 � 15 Å for
the 0.8 wt % solution and with an R value of 31
� 4 Å and a length of 185 � 20 Å for the 1.6 wt
% solution. The fits yield less than 0.5% error.
The error is, therefore, estimated from multiple
measurements. Both the radii and lengths of
the cylinders increase slightly with increasing
concentration. The analysis of the length is lim-
ited by the lowest q range that could be mea-
sured by SANS.

The micelles appear to be surprisingly well de-
fined for a polymer with such a broad distribution
of molecular weights and a large diversity in the
distribution of ionic groups along the backbone. It
suggests that a balance between the cohesive en-
ergy, surface tension, and columbic interactions
takes precedence over the effects of the molecular
weights.

An interesting concentration regime is that in
which the micelles coalesce into a thin film. Ac-
cording to the phase diagram proposed by SANS
and small-angle X-ray studies for other perfluoro-
ionomers, the bulk structure of molecules should
consist of spherical or elongated hydrophilic or
ionic domains. As we increase the concentration,
phase segregation to the swollen polymer and
solvent takes place. Allowing the polymer solu-
tion to dry results in the formation of a bundle of
micelles shown in the STM image41 in Figure 6.
Moreover, these bundles do not coalesce upon the
annealing of the sample above the glass transi-
tion for the hydrophobic metric (below that of the
bulk reported value for the ionic groups). These
results suggest that the micelles formed by these
ionomers are extremely stable in comparison with
both surfactant and micellar phases formed by
nonionic polymers.

Conclusions

SANS studies have shown that in dilute polar
solvents, the chain configuration of PFSI is dom-
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inated by the presence of the ionic groups and is
expanded, despite the very low solvent quality for
the polymer backbone. The results show that the
ionomer associates to form extremely stable and
relatively monodispersed cylindrical micelles at
relatively low concentrations. At very low concen-
trations (0.4 and 0.2 wt %), the interaction be-
tween the charged groups and the polar solvents
overcomes the hydrophobicity of backbone, mak-
ing the ionomer wormlike. With increasing con-
centration, the electrostatic interactions are not
sufficient to maintain the expanded chain config-
uration, and this results in an association of the
hydrophobes to minimize the interaction with the
solvent.

A schematic representation of the ionomer in
different association modes is shown in Figure 7.
In the dilute regime, the dominant species in so-

lution are expanded noninteracting chains. With
increasing concentration, the ionomers associate.
The clustered structure of the Teflon backbone
minimizes the interfacial energies between the
hydrophobic groups and the solvents, compensat-
ing the reduced entropy due to the constrained
configurations in aggregation. Overall, the aggre-
gated polymers have lower chemical potential
than the nonaggregated polymers. The dimen-
sions of the aggregates clearly show that the mi-
celles consist of more than one polymer molecule.

ASSOCIATION OF RIGID POLYMERS

Introduction

This part of the study focuses on highly interact-
ing conjugated polymers. It has been established
that �–� interactions serve as a driving force for
association in many systems, including simple
aromatic liquids, discotic liquid crystals, and
some polymers.9 This interaction is definitely
smaller than that of ionic associations and is ap-
proximately a third of the interaction of an aver-
age hydrogen bond. When multiplied, however, by
the number of monomers in a polymer, this be-
comes a significant driving force.

We have recently shown that highly conjugated
linear polymers follow the same association trend
as ionomers from a single molecule to an aggre-
gate to a physical network as their concentration
in a solution of an aromatic solvent increases. In
contrast to the physical networks formed by iono-
mers, these networks are not stable. They break
upon a small perturbation.45–47 This is a charac-
teristic behavior of a fragile phase.48–53 A wide
range of soft materials, such as colloids, emul-

Figure 6. Bundles of cylinder micelles revealed by
STM.41

Figure 7. Schematic representation of the aggregation process.
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sions, and foams, undergo the constraint of their
motion at low temperatures or high volume frac-
tions. The constrained gel phase, or jammed
phase, is characterized by a solidlike rheological
response, and the local dynamics are often rather
fast in comparison with that of molecules in a
solid.48–55 In contrast to solids, in this type of
fragile matter, changing the direction of the ap-
plied stress releases the constraint. These char-
acteristics are typical of numerous systems, from
macroscopic granular systems to microscopic mo-
lecular clusters. In colloidal systems (rigid parti-
cles with no electrostatic interaction), the balance
between the thermal energy of a system at a given
temperature, 
kT (where k is the Boltzmann con-
stant and T is the temperature), and the attrac-
tive interaction between particles determines the
state of the system, that is, fluid or constrained.
The same phenomena have been observed in so-
lutions of some polymeric micelles and star poly-
mers, for which cooling or heating leads to the
formation of gel-like phases.54

Similarly to colloidal systems, the energy bal-
ance between particles in complex fluids consist-
ing of clusters of molecules and solvents controls
the state of the system. However, changing the
temperature in a complex system, which consists
of aggregates, is not merely changing just the
interparticle interactions and kT. Temperature
changes over relatively small intervals may be
accompanied by significant changes in the micro-
structure of the system, and so the formation of a
constrained phase is a combination of multiple
factors.

Using rodlike oligomers of dinonyl PPEs, in
toluene we have studied the structural evolution
from a single molecule to constrained phases in
complex fluids.43–45 The molecular structure of
PPE is shown in Figure 8. Dilute solutions of PPE
in toluene are transparent fluids above room tem-
perature. When they are cooled, a glasslike and
yellow phase, which does not flow, is formed and
is here called a gel-like phase. The yellow color is
an indication of the constraint of the freedom of

Figure 9. (a) I(q), normalized to the scattering of the
solvent, as a function of q at a concentration of 2.13 wt
% at the indicated temperatures. The patterns were
obtained through the combination of the scattering
from two configurations (the detector was placed 3 or
13 m from the samples). The symbols correspond to the
experimental data, and the solid lines represent differ-
ent fittings. The lines fit with less than 1% error. (b)
Plot of the low q range of the same patterns, showing
linear lines obtained at 30 and 25 °C that are charac-
teristic of large, flat objects. Cylindrical characteristics
can be observed at 40 °C. The lines fit with less than
0.5% error.

Figure 8. Chemical formula of PPE. R represents an
alkyl chain, and n is the degree of polymerization. In
this study, n is 9.
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motion of the PPE backbone, which is attributed
to the association of the molecules. In contrast to
most physical gels, a gentle shear is sufficient to
break the gel-like phase and form a liquid. This
transition is accompanied by changes in the en-
thalpy. NMR studies have clearly indicated that
this transition is also associated with the con-
straint of motion of both the PPE molecule and
the toluene.46,47

Results and Discussion

Patterns for the three different regimes, the iso-
tropic liquid (40 °C), the transition regime (30 °C),
and the gel-like phase (25 °C), are shown in Fig-
ure 9(a,b) for 2.13 wt % solutions of PPE in tolu-
ene-d8 at different temperatures. At 40 °C, the
solutions are optically transparent and fluid. At
this temperature, the scattering profile is consis-
tent with the cylindrical form factor given before.
Cylinders with characteristic dimensions of L

 641 � 15 Å and a radius of approximately 11
� 3 Å are obtained. These dimensions are consis-
tent with the size of a stretched PPE molecule of
approximately 80 repeating units. The error is
determined via averaging over the numbers ob-
tained from the best fit and the largest q range
that can be reasonably fit.

A fully extended chain configuration is rather
surprising because in the absence of strong elec-
trostatic interactions, even rodlike polymeric mol-
ecules are known to fold or bend in solution. It is
consistent, however, with the short relaxation
times observed with NMR.46 A careful analysis of

the small q region at 40 °C shows that some
longer cylindrical objects are present in the liquid
phase (
1000 � 50 Å long and 
17 � 4 Å in
diameter). No changes take place in this regime
with increasing temperature, and this indicates
that this contribution arises from longer oli-
gomers in the solution (the polydispersity of the
polymer is 2).

With cooling below 40 °C, the line shape
changes, as can be seen in the pattern measured
at 30 °C. Although the solution still flows, this
pattern cannot be fit with a cylindrical form fac-
tor. Further cooling leads to the formation of a
phase, which macroscopically does not flow, ex-
hibiting a neutron pattern similar to that at 30
°C. In the gel-like phase, the scattering intensity
increases significantly, and the line shape
changes. Although the system appears to be like a
gel, the neutron patterns cannot be fit to a simple
physical thermoreversible gel, in which single
chains form a network. A network of large, flat
aggregates has been considered on the basis of
several different observations. These include
NMR and enthalpy measurements, the viscous
nature of the sample, the layered structure45 re-
ported in the solid state of PPE in the absence of
a solvent in the bulk, and ribbonlike micrometer-
length clusters observed with atomic force micros-
copy. A schematic representation of the phase
diagram of the specific PPE under consideration
is given in Figure 10.

For thin, flat aggregates, for which the length
and width of the cluster are much larger than the
thickness, the scattering function is given by I(q)

Figure 10. Schematic representation of the association process.
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� A(2�/q2)(�
)2T2exp(�q2Rt
2), where Rt is equal

to T/�12 and T is the thickness of a flat parti-
cle.33 Plotting ln(q2I) as a function of q2 [Fig. 9(b)]
provides the thickness of the aggregate. At 40 °C,
the line shape is that of a rigid rod and not that of
a flat aggregate, as discussed before. With cooling
to 30 °C, well-defined aggregates, with a thick-
ness of approximately 46 Å, can be observed. The
thickness can be evaluated within �4 Å. At this
temperature, NMR and DSC data show that some
aggregation takes place, but the system is macro-
scopically fluid. Further cooling leads to the for-
mation of the gel-like phase, which reveals aggre-
gates of T 
 62 Å, as shown at 25 °C. The thick-
ness does not change as the temperature is
further reduced.

The interactions between the PPE molecules
and the solvent and the aggregation process have
been further studied with various concentrations
of the polymer. PPE is highly conjugated, and so
attractive �–� interactions contribute to the in-
terparticle interaction. This interaction is impor-
tant to the interactions of the PPE molecules not
only among themselves but with the solvent mol-
ecules as well. The structure of the PPE molecule
in toluene has been followed at 40 °C as a function
of the concentration between 0.11 and 4.08 wt %.
At this temperature, all the solutions in this con-
centration range consist of isolated molecules.
This concentration is well below the liquid crys-
tallinity threshold of 15 wt % according to the
Onsager theory.56

The density of the molecules in the molecular
solution affects the flexibility of the PPE mole-
cules. Shown in Figure 11(a) are SANS profiles at
40 °C at the indicated PPE concentrations. The
scattering profiles of the 4.08 and 2.08 wt % solu-
tions are consistent with a cylindrical form factor.
The divergence of the scattering intensity at low q
suggests that the individual, stretched PPE
chains are still in contact with one another, form-
ing loosely connected large networks.

The rodlike conformation of PPE molecules
may be rationalized by their molecular density in
solution. At these concentrations, the relatively
close distance between individual PPE chains
limits molecular rotation and translation in solu-
tion and, therefore, forces the stretched structure
of the polymers. As the concentration of the PPE
chains is reduced, the distance between isolated
PPE chains increases. When the interpolymer
chain distance becomes large enough, the confine-
ment is reduced, and this allows the polymers to
move more freely. In other words, the polymers

become more flexible at lower concentrations, and
this allows the bending of polymer chains.

When the concentration drops to 1.05 wt %, the
profiles are not consistent anymore with a cylin-
drical form factor. The deviation of scattering pro-
files from a cylindrical form factor becomes larger
when the concentration is further reduced. This
can be demonstrated by a comparison of the
slopes of the scattering profiles in a low q region,
in which shape of the profiles is mainly governed
by the conformation of the main chains. The
slopes obtained by the fitting of about 1 decade of
data points to a power law for different concen-

Figure 11. (a) SANS profiles at different concentra-
tions of PPE at 40 °C. The symbols correspond to the
experimental data. The solid lines are theoretical
SANS profiles calculated for a cylindrical object with a
radius of 10.5 Å and a length of 649 Å. (b) Plot of
exponent � as a function of the concentration (C) fitted
to I(q)  q��.
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trations are shown in Figure 11(b). In dilute poly-
mer solutions, the scattering intensity I(q) scales
with q as I(q) 
 q��, where � is an effective
exponent, and is specific to a particular polymer
chain.25,33 For a flexible Gaussian chain, I(q) is
approximately equal to q�2; for a chain with ex-
cluded volume,33 I(q) is approximately equal to
q�1.66; and for rigid-rod polymers, I(q) is approx-
imately equal to q�1. In other words, the scaling
exponent increases as the chain flexibility in-
creases.

As shown in Figure 11(b), the scaling exponent
� increases with decreasing concentration. For
4.08 and 2.08 wt %, the slopes are close to 1, and
this confirms the presence of rigid-rod polymers
in solutions. The slope jumps to 1.28 when the
concentration is reduced to 1.05 wt %. At the
lowest concentration (0.11 wt %), the scaling ex-
ponent is 1.49, which is still lower than that of
Gaussian chain and a chain with excluded vol-
ume. At these low concentrations, the coupling
must occur via the solvent molecules. This is con-
sistent with our previous NMR data,46–47 which
have shown that the relaxation time of toluene in
the molecular solution differs from that of pure
toluene. Previous studies57 with light scattering
have shown that much longer PPE polymers ex-
hibit wormlike chains for which lp is approxi-

mately 15 nm. The PPE polymer in this study is
much shorter (
64 nm) and cannot be described
as a wormlike chain.

As the solutions are cooled to 15 °C, all the
solutions, with the exception of the 0.11 wt %
solution, form a fragile gel phase. The thickness of
the aggregates at this temperature is shown in
Figure 12. With increasing concentration, the
thickness increases up to 1.05 wt %, and then it
drops. A further increase in the concentration
results in a linear increase in the thickness. This
trend is consistent in several independent exper-
iments. The variation of the aggregate thickness
can be rationalized in terms of a different density
of packing of PPE molecules within the aggre-
gates. At lower concentrations, the association of
the PPE molecules is less dense and less ordered
and so occupies more volume. With increasing
concentration, a more ordered structure, similar
to that observed in the bulk45 and in thin films, is
formed, initially occupying less volume. These
structures then grow further. A tentative sche-
matic representation of the formation of an aggre-
gate is given as an insert in Figure 12. Because �

of an aggregate, in comparison with that of the
solvent, depends on the number of solvent mole-
cules associated with the cluster, an independent
measure of either the size of the cluster or the

Figure 12. Thicknesses of the flat aggregates as extracted from the slopes of ln(q2I)
versus q2. The insert shows a schematic model of the formation of an aggregate.
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number of solvent molecules inside the aggregate
is required to verify the model.

Conclusions

SANS measurements have shown that in molec-
ular solutions, PPE is highly elongated. The in-
teraction of PPE molecules with the solvent is
rather high, affecting the conformation in molec-
ular solutions and the density of PPE molecules
within the aggregates. With increasing concen-
tration or decreasing temperature, PPE mole-
cules associate into flat aggregates. These grow
and eventually jam into one another. NMR and
neutron spin echo58 studies have shown that this
jamming together with the highly interacting sol-
vent molecules results in a constraint of the mo-
tion of not only the aggregates but the solvent
molecules as well.

CONCLUSIONS

With SANS, we have probed the molecular con-
formation of two highly interacting polydispersed
polymers, a perfluorinated ionizable polymer and
a rigid-rod polymer. The highly interactive mode,
either by ionic interactions or by �–� couplings,
results in extended polymer molecules in solu-
tion. When associated, the ionic polymer forms a
highly charged, well-defined rodlike micelle,
whereas the PPE molecules, governed by �–�
stacking, form large, flat aggregates that jam into
one another to form a fragile phase.

In both types of complex fluids formed by
highly interacting polymers, well-defined aggre-
gates are formed, although the chemical structure
of the polymer is not well defined.

Tuning the chemical structure and following
the effects of these chemical changes on the asso-
ciation mode will provide further insight into the
association of these molecules. The dynamic be-
havior of both systems is currently under inves-
tigation with neutron spin echo, with the goal of
correlating the molecular architecture with the
structure and properties of highly interacting
polymers.
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